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• 16 Abs t rac t
Two groups of young men (Group I, N = 51 , t e s t e d  i d e n t i c a l ly on 2 successive days;
Gro up II , N = 43, tested on I day onl y) performed various combinations of the six
tasks  of the CAN I Mul t iple Task Performance Battery . Two of the tasks involved the
monitoring of static (ligh ts)  and dynamic (meters) processes; the four more—active
tasks involved mental arIthmetic , elementary problem solving , pattern identification ,
and two—dimensional compensatory tracking . Five of nine performance intervals
provided differen t complex tasks consisting of both of the monitoring tasks and two
of the ac t ive tasks pr esen ted conc urren t ly. Other trials provided data on the sing i)
performed constituent tasks as well as the combined monitoring tasks . Results
indi cated that all 12 performance measures varied significantl y as a func tion of the
different task—combination conditions . A standard psycholog ical scaling technique
(Thurstone Case V) was app lied to the monitoring data (for the green and red lights
and for the meters) to develop an index of workload for the five comp lex task combi-
na tions. Since better performance was presumed to indicate a lower workload ,
workload was inferred to increase as performance declined across conditions. The
best performances (scale values of zero) were associated with sing le tasks as
expected. Scale values for the complex task—combination condition s were consistent
between groups and between the 2 days of testing of Group I (r’s of .947 to .993).
Although the scale values are specific to the tasks and task—combination conditions
emp loyed , the scaling—procedure app lica tion shows promise for cases in which
quan titative measures of performance can be acquired with moderately large (N 50)
samples of subjects. ~~ .
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THE MEASURE MENT AND SCALING OF WORKLOAD IN COMPLEX PERFORMANCE

I. Introduction.

The level of perf ormance tha t can be expec ted of a properl y trained and
selected human operator is of great interest in many decisions involving the
desi gn of man—machine systems . In many transportation areas , the level of
operator performance has direct imp lications for safety. The leve l of
performance has generall y been held to be a func tion of three broad ca tegories
of i n f l uences: personnel fa ctors , situat ional fac tors , and job demands . Job
demands , i.e. workload , can be considered to be rela ted to the number and
variety of skills that the operator must exercise in performing his job and to
the nature of the specific skills involved. Workload has generally been
considered to be an impor tant modi f ie r  of per formance under a varie ty of
personnel and situational conditions , and the assumption that workload can be
measur ed as a uni tary concep t is cen tral to many decisions a f f e c ting the
design of man—machine systems . Thus, development of a methodology that
yields reliable and valid indices of operator workload should lead to
important gains in safety and productivity through resultant modifications of
systems designs and operating procedures.

There have been two general approaches to the definition and measurement
of workload . One approach has focused on energy expenditure , or effort , as
the centra l concept. This approach has generally attempted to measure
workload by using indices based on biomedical measures or on subjective
reports of effort. The other approach has focused on the measurement of
performance or of system output under the assumption that operators under an
increased workload will not be able to perform as well.

One method of studying workload under the latter approach has been
through the use of secondary or loading tasks. Knowles (8) summarized early
work of this sort and provided the general rationale for the applicati~ t~ of
the technique to workload measurement. The basic approach in this method is
to compare the leve l of performance achieved on the secondary task , when
performed alone , with the leve l achieved at that task when it is performed in
combination with the primary task . Kelley and Wargo (7) noted that , in most
tasks , operators will tend to form their own criterion as to how well a given
task should be performed and then vary their expenditure of effort up or down
to meet it. Once this criterion is established , performance measures on that
task become relatively invariant , since insofar as possible , opera tors w i l l
adjust their leve l of effort to maintain the criterion level of performance. ~~~
Therefore , the secondary task is added to the primary task in order to increase~~~ ~
the subject ’s workload and to obtain an index of the amount of spare t ime that
the subject has while performing the primary task.

I isvii~uie. u~’~~ 1.rt c~~s
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signal is introduced , the pointer movement continues as boforc’, t’x cept that
the average position of the pointer is shifted either to the left or right by
an amount that is approximatel y equal to the maximum excursion resulting Irons
the random movement . Tile subject responds to a signal on a given ineti’r by
pressing the button under that meter on the same side as the signal. When any
meter response button is depressed , the random movement is removed and tin’
pointer of that meter stops on its average value , thus giving immediate’
feedback as to the accuracy of the response . Si gnals arc’ presented at an
average ratu ’ of one per minute , and a g iven signal remains until it is
responded to or until it is rep lac ed by the next signal. Response time is
computed as the average t ime the signal is present on tilt’ meters; i. o . , if a
subject does not respond to a given si gnal , the t ime that signal is present is
included in the response time for the succeeding signal.

3. Mental arithmetic (MATH). The problems for this task are
presented on a Burroughs self—scan disp lay mounted at the bottom centt ’r of ti l t ’

subject panel. All of the problems are of the form , A + B — C = ? , and  arc ’

made up of numbers from 11 to 99. Tile subjects respond by c’ntering their
answers on a reverse—order serial entry keyboard; it requires that the least
si gnificant digit be entered first. The answer is disp layed on the screen ;~s
it is entered from the keyboard and may be cl ear ed and cha nged by the subject.
When the subject has entered what he considers to be the correct answer , ho
depresses the “comp lete ” button . At that time the problem and answer art’
removed from the screen and the subject is given feedback as to the accuracy
of his answer (“R” f or right , “W” for wrong). New problems art’ presented at
20—s intervals . Response t ime is scored from the introduction of a prob lt’m to
tile t ime when the subject presses the “complete” button . Accuracy is computed
as the proportion of correct answers to total problems presented.

4. Pattern identification (PID). The tipper left portion of t i l t ’

Burroughs disp lay is used to present the  six—column by six—r ow patterns in t h i s
task. All patterns are in tile form of vertical bargraphs with each cot u nln

height from one through six appearing just once. The problems on this task
ar e anal ogous to q ues t ions on a mul t ipl e—choice examination . Tile first
pattern for a given problem is tile standard or “question ” patt ern . This
pat tern is followe d by two comparison patterns presented in succession . The
subject must decide if one , neither , or both of the comparison patterns were
the same as the standard . Answers are indicated by depressing one of t h r e e
buttons. On entering an answer , feedback i s provid ed by d i s p l a y ing tile
correct answer on the screen. The standard pattern appears for ~ s, and each
comparison pattern appears for 2 s with 1 s between patterns . New problems
are pr esen ted every 30 s. Speed of response (from the onset of the second
comparison pattern ) and accuracy (proportion of correct responses to total
probl ems presented ) are recorded.

5. Problem solving (PS). Each subject panel is equi pped with five
pushbutton switches , a white “task active ” light , and thre e “fe edback ” ligh ts.
The task requires the subject to discover the correct sequence in which to
press the five buttons. Each button appears onl y once in a given solution .
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Coatpu ted Acro aa MTPB Taak 000binatione **

Experimen ta l  Group
Meaos tr , ’ Taak ( a n s i  M eaeur e ) I (ha y i~ I I

I Gr , ’t’n Ii’ ( Rt ’~~po ntt e Tit~’1 .“i -4 1’

Res t LI (Reepo nse Tim e ) .4 2  .01

MTR (R,’a pssnxe Time ) .21

Ma t h (S o l s i t i s i n  Tim,’) ‘fl

S Ma th (Acc ura cy) 82 77

C’ PS ( T im e / P r s ’b )  ,59 COt

PS ( ?. As c s4racv ) .85 S C ’

S PS (Confirm a tion Time /Prob i .~~7

51 ~‘5 l t s ’ntirmat i ,en At- s u r a c v )  .80 . 51

is P I t ’  ( Rt ’sps~nse Ti m,’) . tiO . b I

I I  P I F t  ~As s st r a s~ v i  - 51  . 70

( 1 TR K ( RMS F:r r~’, ~‘_ ‘ 1

~ A l l  s ’I ’ 1 t 4  I ~‘t ( t  s ? I s~s( r r5 ’ tat i s en sirI ’ xl at  i st  c x l i v
s i g n i t i c a n t  ~j - S S  in t ’si c!t ca Ds’) .

~~~~ sl it  C t ’r , ’n t  l~ isIs s sM (t l ’ s f l a t  t o n S  t ’mp i s ’v t ’sI in thi ’ Q ps’rI~e nhianse

tn t , rv. t  i x ,r , ’ shs’wn in  Txl’ h ,‘ I

p e r f or m a n c e  ( i n t e r v a l s  I and -~
) were in c l uded  witll d a t a  f r om the complex—task

c o m b i n a t  i o n s  of  intervals S t hr ou g il q 
~~ t i le  s c a l i n g  p r o c e d u r e. l’he level of

pe’r f o r man c t ’ was assumed to be inverse  to work load  i . e .  , the greater t h e
workload , t h e  poore r t h e  p er f o r m a n ce  on t h e  s e c o n d a ry , or m o n i t o r i n g, t a s k s .
Thus , t i l t ’ sc,i l ing was an i n v e r s e’ s c a l e  of  performance and a direc t scale of
work I oad——t ite 11 i ghe r th I s’ Scale val tie • t i l e lowe r the per formance and t i l e 11 i giler
t i i t ~ w o r k l o a d  r ep re sen ted  by the task combination .

Identical scaling procedeirs’s were app l i e d  to three s e p a r a t e  s e t s  o f  d a t a :
Group l ’s flay I and flay 2 dat.i, and Group Ii ’ s d a t a .  The scaling was accom-
p lished by comparing the pe rformance of a given monitoring task (measures ~‘1 .
~2 , ~nd ~-‘ i1  under each task combinat ion (interval) , including tile single—task
performances , with t h o se  obtained under all other task combinat 10115 ( i n te r v a l  s I

In each cas e , t i l t ’ p r o p o r t i o n  o f  sub je’ct s who per formed better unde r the g i vs’fl

cond i t Lol l  was  noted , and these proportions were t l l en  c o n v e r t e d  to  normal—
d e v i a t e  ( z )  score s by use of  a t a b l e  of p r o b a b i l i t ies a ss o c i a t e d  w i t h  t h e
norma l distribution . TIle normal—d eviate scores were then reflected; i.e.,
multip li ed by —1 , and the mean z score associated with each task combination
was cs- mputed. The most negative mean thus represented tile best performance
and the  presumed lowest  w o r k l o a d , so within each measure , t h e  l a r g e s t  n e g a t i v e
va l ue was s u b t r a c t e d  from eacll of the  means , t l lereb y p r o v i d i n g  a score of  zero
fo r  tite ’ c on d i t i o n  w i t h  t he  be st  p e r f o r m a n c e  and l owest work loa d , and i n c re a s i ng
p o s i t  iv t’ s c a l e  v a l u e s  for  l esser  p e r f o r m a t ices and g re at e r  w or k l o a d s .  For eacil
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w i t h  tilt’ p rio r I in~t i ng that Group  I was bel t e ’ r s~ I 1 flas’ .‘ 111811 Oil P:iv I , .lll sl
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ht’t t or 0111 some measures on the f i r s t  da~’ t I t a n  Group  I i  - t h e ’ l u i gi t  WSV s
oh t  a m e d  f o r  f l i t ’  c om b m n a t  i o n s  MA ’I ’It /PS a n d  P i l l / P S  ( se ’o labl s ’ 3) :trs’ consist ent
w i t  hi f l i t ’ i n  f o r m a l  r ep o r t s  of  sub t o t  s and  f i t s ’  ob sorv a  t i OtIs a li t!  impr t ’ ss i Ot I S  o f

t i tt ’ e’xpt ’ r iment  er s  ; su b j  s ’c t s who c o m m e n t e d  on t a s k s  gen e r a  l l s ’  mont  j  ont ’d t h e se
as  bei ng , r s’sp e ’ct ivs ’ lv , the most  d i f f i c u l t  -

In  1118k 1110, 8 clt ’ t o  m i  118 t i 011 of  w ork  I siad , i t  won I d he 51St ’ l u  1 ill some c i rc tIm—
st at i s t ’s it t i l e ’ c u t  r i b u t  ion o f  i n d i v i d u a l t a s k s  in  a t a s k  comp l t -x ~o u l d  he
t ’ V t l u a t t ’d .  Such V J l U e ’S c ou l d  be u s s ’d , fo r  examp l e , t o  e s t  in i a t t ’  the ws’rklse asl
of  new comb i na t  i OI l S of  t a s k s  . T u e  s imp is ’s t ntod ’ l for 81181 s’,: i ng ti i t’ work 1 oa~l
: t t t r i h s i t a b l t ’ t o  sing l i ’ tasks i s  t o  assume a d d i t i v i t v ;  i . t ’ . , t h a t  p a r t i c u l a r
conthinat ions of tasks ~t o no t  i n t t ’r a ct  in  u n iqu e  w ay s  and that a g i v en task
will impose t lie same clt ’g roe’ of workload re 0,8 rsll s’s s o f i t s  comb i 118 t ion w i t  I t
other t a s k s .  This mode l is cons i s t e n t  w i t h  an an a lv s  is of  w o r k l o a d  i l l  t e r m s
0 1  ‘‘ Spare tint ’.’’ To t e s t  t h i s  lncicI , ’I  , th is ’ AW SV s were  a n 3 l V z e ’d for t h e  w o r k l o a d
c o n t  r i  h i l t  io n  of  t h e  i n d i v i d u a l  a c t  ive  t a s k , u s i n g  t h e  a s s u m p t i o n  t h a t  t h i s ’
work 1 08d imposed by t hose t a s k s  was 1 m ean v additive. Spec i fi call s ’ , task
w or k  b a  I scale ’ values (TWSVs ) were  d e r i v e d  b y a mo~Ii  I i  c at  i Ou  o f  t i l e  n let i l c ’ d
p resen t s ’ s! by t ’ l ar k  ( 4 )  as fol lows : The AWSVs f r o m  eac h  d a t a  s et  were  p l a c e d
in :i svnun s’t r i c  a r r ay , w i t h  rows and co lumns  r e p r e s e n t i n g  each of  the’ a c t i v e
t a s k s . Then e:tch row of t he  a r r a y  was us ed to g e n e r a t e  a l i n e a r  e q u a t i o n ,
a s s u m i ng t h a t  s’aci l ce’l 1 v a l u e  r e p r e s e n t s  the  sum of two unknown var  i ab l s ’s
: tssoc i a t e d  w i t  ii t h i s ’  t a sk s  p r e s e n t e d  in t h a t  c o m b i n a t  ion . For esamp le ’ t h e
f i r s t  row m i g h t  c o n t a i n  t h i s ’ t h r e e  A W SV s a s s o c i a t e d  w i t h  comp lex  t a s j s t h a t
i n c  lu d e d  t r a c k i n g .  So , t i l t ’ e q u a t  ion a s s o c i a t e d  w i t h  t h a t  row would be:
3~~TRK + MA TH + PS + P I D  = sum o f  AWSVs ill f i r s t  row . The f o u r  s i m u l t a n e o u s
equa t  ions t h u s  g e n e r a t e d  were t h e n  so lved  to p rov ide  t i le  I’WS\’ s prt’sented in
‘fab le 4 .

TABL E 4, Wo rk load  Scale  V a l u e s  A s s o c i a t e d  With A c t i v e  Tasks  ( TWS ’c ’)

TRK MATH P I D  PS

G r oup I ( Day 1) 0.2h25 0,~~35O 0 . 82 0 0  Q, ( ) 3 7 5

Group I ( Day 2 ’ )  0 . 2 3 0 0  0 . 6800 0 .6000 0. 7500

Group II 0.3750 1.0850 0.9750 0.0050

Tilt ’ method  emp loyed to  produce  the  TWSVs in Table  4 provides values t h a t
reproduce the row and column value s exact’ y ,  as well as least squares
approximations to the c e l l  values. These derived workload values for
i n d i v i d t i a l  t a s k s  can be combined  by s imp le a d d i t i o n , ti nder  the a s s u m p t i o n  of
l i nea r  a d d i t i v i t v  to  provide  “p r e d i c t i o n s ” of ti l e w o r k lo a d s  imposed by t i lE ’
d i f f e r e n t  c o m b i n a t i o n s  of  t a s k s .  The “ p r e d i c t e d ” work load  scores  de r ived  from
the TWSVs are p r e s e n t e d  in Table 5 , a long  W it i l  tile AWSVs t h a t  they  s l IOu ld
p r e d i c t .  I t  may be n o t e d  t h a t  the  p r e d i c t i o n s  c l o s e l y a p p r ox i m a t e  t i l t’
o r i g i n a l  v a l u e s and t h u s , in t h i s  case , i t  s e e m s  t h a t  t he  w o r k l o a d  impos t ’s! liv
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the ac t ive tasks may be consid ered to be lin ear ly additive . This is not to
say that the assumption of linear additivity is always likely to be appro—
priate. In fact it seems probable that workload would not be additive for
some particular combinations of tasks (cf. 10). In those cases , however, it
would be possible to identify the nonadditive combinations by comparing the
es tima ted and obse rved val ues and no t ing where rela t ivel y greater divergences
occur.

TABLE 5. Actual Adjusted Workload Scale Values (AWSV) vs.

Predic ted Values (Based on TWSV Sums)

MATH! PID/ PID/ MATH!
PS/TRK PS TRK PS TRK RNS Err or

Group I AWSV 1.20 1,88 1.09 1.75 1.19
(Day 1) Predic ted 1.20 1.87 1.08 1.76 1.20 .0067

Group I AWSV 0.98 1.42 0.82 1.36 0.92
( Day 2) Predicted 0.98 1,43 0.83 1.35 0.91 .0089

Group II AWSV 1.28 1.98 1.34 1.89 1.47
Predic ted 1.28 1.99 1.35 1.88 1.46 .0089

The workload attributable to the various active—task combinations was
not uni form across the three monitoring tasks (although this is not evident in
the summary data presented here). Combinations that involved TRK had the
smallest effect on performances of all three monitoring tasks. Combinations
that involved MATH had the largest negative effect on MTR, whereas those that
involved PS had their largest negative effect on the LT (the sole exception
was with green lights , Group II). This suggests  that the outcome of the
scaling procedure used here and recommended as a method of establishing
indices of workload , is dependen t not only on the difficulties of the
primary tasks that are being scaled , but also to some extent on the nature of
the secondary tasks used for the scaling procedure .

Since the contributions of individual tasks to the workload of task
combina t ions could be reliabl y es t ima ted wi th the me thod emp loyed here , it
seems safe to infer that similar scaling procedures could be validly applie d
to predict workloads for task combinations in other studies. Depending on
the combinatorial nature of the tasks (e.g. , whether they may be considered
additive or not), the methodology could be app lied to prediction of workload
where no test data are available for these combinations ; provided , of course ,
that appropriate data are available for the individual tasks involved (e.g.,
TWSVs as in Table 4). The method and its potential utility are sufficientl y
promising to warrant further development and study.
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1 V.  Summa i v .

t~ s~~’a t~ oh work I oasl was ~is ’ i i  veil b r  I i V t ’ t’01Ill i)1 OX t : l$k Cs) lllh ) j 1181 l O l l

t ’Ot lc l  i t  ion S , ‘bit t ’ sea I i ’ pi-o’i i s i t ’sI It ’ I i ah~ Ii ’ vat sta’s t hat wer e st  ‘i l l  o Oil ri~p I i c a
I i’ll . Wi lt ’ i’e t hi s ’ as Stiuu lpt i sill C all be ~taidt’ I hui t t i l t ’ t ask s t ’ ott ihi l i l t ’ i l l  a 1 j t i i ’ ,t  u i v

.t s l , i  i t  i t’’’ l l l , I t l t l t ’  I’ , W i  ( h i  sub s  t alI t i a h i  v 110 t a s k — ~ otuib j na t ot t  m t  o i’ae ( i oi ls ;  , (i t, ’
St .1 I i ’  t’ar l  he I1S,’si t o  , ‘St  i uit :t t ,‘ hot Ii ( a )  I i i i ’ t ’ i ’ l i t  i vi ’ ws~ u ’k I o:isl s’OIl t  t ’ i h u t  i o n  o I
i ’a~- ii  o h  t i lt ’ I asks  pt ’i’ l 01l’lflt ’sl I l l  t i l t ’ St ’Vt ’I : l  I t a s k  c’oiuib i 11:1! I OIl S , 8 I is i  I, l i ’)  t l i i ’
t i ’~~~t l  I t  8 l l t  Wsii’k 1 O8sls ;  i~~l t’s) lllht I U 8 t  l o u i s  I I l V s )  lv ing t hose C a s ;k e  , ins’ i t i d i  tig ~~~~~~
t ’Otllh ) I t l , s  I l s 1llS cit lit ’ t’ L u a u  t l i s iS i ’ t fsilil whi i ~ h t t i l t ’ d~ t a We l’O ~k I I  ved . ‘h ’ ht t ’
met  ii s l ,h s l I c’gV 5115 ) 11  I~ t b ’  a~~p I i  t’ab t o  t o  ot  in’i’ tu , s ’a su I s ’s as W i ’ l b  , s ’ , ~‘, . , t O
h i  elms ’s1 i c a t  i ta d i ci ’s o h  st ross ou ’  1 s’ St I l l  ~OC C i V i ’ rat i tags . ‘I’ i i , ’ ,ut :i 7 s )F  i’ost l ’ l c ’ t 1 , 1 1 1

0 t i lt ’ me t  l is le1 ‘ 5 515, ’ i~~ I h it ’ l’t ’( l t l  I i , ’ i t l i ’ t i t  ( hat ‘~0 or Ills )T ’ s ’ sub  j i ’ s’ t it  lit ’ (‘liii) I ~ v , ’d
in su e1 ’ ’ u t o  y it ’ 1 ~l s t a b  h e  sea h e  va I l l s ’S ( 5 ’!  , 0) . ‘l i i i ’ ava  i I ab  i I it v t t n s l  L is t ’ oh
s’a I i si I l i s t s ’ X e) ! WO l’k toast won I ci I i ’ StI 1 t iii ga ills Il l ho L I I  s a I s ’ I v a usl

i~10u ht1 t ’t i v  i t  s’ by pu ’ov i c l i  tig c i  s ’8i’ s’t ’ 5f’ t ’C i I i  s’at  i sills o h  t i t s ’ shi ’tll:lllilS t hat .irt ’
P I,t ct ’sl Oil ( li l t ’ l- Zit 01’S itt icht ’ I ’ c l i ff s ’ rout ~ c ii i s l i t  I Ot I S .  ‘I’itt ’ pl ’( ’st ’I t I  I t ’ c’h lIl h u h ’  h a s

prov i sIt ~si v a l i d  111th i t’es i l l Liii s I :ihoratot’v st ud~’ . Shioti l e t  i t  prove t o  1)0
I s ’ liable 811il v a t  id in oper:it  i cuna 1 S i t  tult I Oils , it s 51St ’  1 5) ~ i’0V l i lt ’ wo i’k I oa,l

~~~~~~~~~ i fleaI I Oils s l i oui  I i i  b1’ c pu i t t ’ be l ls ’ I’ i t ’ i at t o  t h i s ’ sls~$ ign  oh hot  hi sv s t  ems ansi
s l j l t ’i’a( I u lg  p t ’os’ t ’s l t I l ’ s’s .
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